Proximate Mechanisms of Plasticity
The common theme of changes in gene expression and intra-individual signaling in response to environmental conditions occurs in almost all discussions of the mechanisms underlying plasticity. The transcription factors, RNAs, hormones, etc., involved in eliciting a response are often specific to a particular cue and induced phenotype. Beldade, et al. 2011 and Aubin-Horth and Renn 2009 should act as the first resources from this section because they thoroughly introduce the reader to general mechanisms underlying plasticity and how they can be studied. Dufty, et al. 2002 focuses on the role hormones play in generating plastic responses, and Denver 1997 discusses the hormonal basis of a common example of life history plasticity. Pigliucci 1996 provides a review that sets the groundwork for later research on biased expression of genes and pathways underlying plastic responses. Similarly, Schlichting and Smith 2002 provides a review of plastic mechanisms with particular attention to cellular-level processes. Technological and methodological advances have allowed more detailed exploration of the mechanistic basis of plastic responses. Patalano, et al. 2015 is a great example of how to leverage these advances and demonstrates an integrative approach to uncovering the mechanistic details in a wellknown example of phenotypic plasticity.
Schlichting, C. D., and H. Smith. 2002. Phenotypic plasticity: Linking molecular mechanisms with evolutionary outcomes. Evolutionary Ecology 16:189-211.
This thorough review, appropriate for graduate students and professionals, discusses phenotypic plasticity broadly and the general mechanisms of plasticity with a focus on cellular-level responses. Detailed examples from plants highlight some common themes for all plastic responses.
Costs of Plasticity
Starting with the five costs and four limits of plasticity in DeWitt, et al. 1998 , the costs, limits, and trade-offs associated with phenotypic plasticity have been an important ongoing area of research. Prior to that, however, Van Tienderen was using models to explore costs associated with being a specialist or a generalist (plastic) (see Van Tienderen 1991) . Relyea 2002 empirically demonstrates how such costs can be identified experimentally. Van Buskirk and Steiner 2009 and Auld, et al. 2010 provide meta-analyses and literature reviews of the costs and limits of plasticity and find that they are generally weak, as common as benefits, and hard to detect. Furthermore, Auld, et al. 2010 reduces the number of costs proposed by DeWitt, et al. 1998 . The two papers led by Snell-Rood (Snell-Rood, et al. 2010;  Snell-Rood 2012) discuss some of the cellular, developmental, and physiological mechanisms that can lead to apparent costs or limits on phenotypic plasticity. Finally, Murren, et al. 2015 highlights that it is probably costs and limits on phenotypes rather than plasticity itself that constrain plasticity's evolution.
Auld, J. R., A. A. Agrawal, and R. A. Relyea. 2010. Re-evaluating the costs and limits of adaptive phenotypic plasticity.

Proceedings of the Royal Society B 277:503-511.
This review suggests that the costs of plasticity are low or nonexistent in most cases, but that co-linearity between trait values and plasticities may obscure accurate measurements of plasticity costs. In addition, the authors reduce the number of possible cost types proposed by DeWitt, et al. 1998 and posit that the distinction between costs and limits of plasticity may not be as clear as other authors suggest.
DeWitt, T. J., A. Sih, and D. S. Wilson. 1998. Costs and limits of phenotypic plasticity. Trends in Ecology and Evolution 13:77-
81.
This classic work crystallized the concepts of the costs and limits of plasticity. A must-read for anyone interested in plasticity and its evolution. Argues that costs and limits of phenotypes are more important in the evolution of plasticity than costs of plasticity itself. Various types of constraints on plasticity are discussed, and considerations for moving forward are presented.
Relyea, R. A. 2002. Costs of phenotypic plasticity. The American Naturalist 159:272-282.
A good example of how to experimentally test for costs of producing a plastic phenotype. http://www.oxfordbibliographies.com/view/document/obo-9780199941728/obo-9780199941728-0093.xml?rskey=M5UifX&result=63&print
Snell-Rood, E. C. 2012. Selective processes in development: Implications for the costs and benefits of phenotypic plasticity.
Integrative and Comparative Biology 52:31-42.
This review puts forth the view that developmental selection-phenotypic sampling and reinforcement during development-is a key mechanism influencing the costs, benefits, and consequences of plasticity. This mechanism is relevant from gene expression to behavior and learning, and it comes with specific, pronounced costs. By focusing on relaxed selection, mutation accumulation, and the role of modularity in developmental genetic networks, Snell-Rood and colleagues provide valuable insight on the potential mechanisms leading to constraints on the evolution of plasticity. This meta-analysis found that the costs of plasticity are generally mild or nonexistent, and that this may potentially be due to the difficulty in detecting them.
Snell
Van Tienderen, P. H. 1991. Evolution of generalists and specialists in spatially heterogeneous environments. Evolution
45:1317-1331.
Van Tienderen uses quantitative genetic models to explore the relative fitness of specialists or generalists (plastic) under hard and soft selection when there is a cost associated with being a generalist. His models demonstrate that strength and type of selection and historical events (i.e., migration, mutation) influence the evolution of specialization and/or phenotypic plasticity.
Modeling Plasticity
Theoretical modeling of phenotypic plasticity has been an important avenue of research for many years because it provides insights that could be difficult to obtain empirically. Further, it helps generate predictions and expectations that can drive empirical research programs. The foundational paper for almost all contemporary models of plasticity is Via and Lande 1985, which uses models to describe how selection can influence the evolution of phenotypic plasticity and the shapes of reaction norms. Another effort at predicting reaction norms based on organismal characteristics was Stearns and Koella 1986. Notably, the authors were able to confirm the efficacy of their models using empirical data. Around that same time, Lively 1986 identified and described the conditions in which an environmentally induced developmental switch should be favored over genetic polymorphism. Gomulkiewicz and Kirkpatrick 1992 expanded on the models of Via and Lande 1985 by considering continuous environments rather discrete patches. Scheiner 1993 provides a review of phenotypic plasticity that is largely focused on modeling and should be the first piece read in this section. A few years later, another review provided a summary of the previous decade of plasticity theory (Via, et al. 1995) . The author of De Jong 2005 comes to a conclusion counter to some of her contemporaries-that phenotypic plasticity is not an important factor in evolution (or at least macroevolution). More recently, Lande 2009 is a hallmark paper that showed how the process of Genetic Assimilation can theoretically proceed. This was an extremely important outcome because there has been ongoing skepticism of genetic assimilation as http://www.oxfordbibliographies.com/view/document/obo-9780199941728/obo-9780199941728-0093.xml?rskey=M5UifX&result=63&print describes three approaches taken when modeling plasticity-optimality models, quantitative genetic models, and gametic models. It should be the first piece read in this section.
Stearns, S. C., and J. C. Koella. 1986. The evolution of phenotypic plasticity in life-history traits: Predictions of reaction norms for age and size at maturity. Evolution 40:893-913.
Stearns and Koella found that the reaction norms for maturation should take one of (at least) four shapes depending on the relationship between changes in growth rate and changes in adult mortality rate and/or juvenile mortality rate. In addition, their predictions are generally supported using nineteen populations of fish and various other species. This review by Via and colleagues summarizes the previous decade of plasticity theory and provides an accessible synthesis of many of the other works in this section. This would be useful to read before delving more heavily into the strict modeling papers.
Via
Via, S., and R. Lande. 1985. Genotype-environment interaction and the evolution of phenotypic plasticity. Evolution 39:505-522. This is the modeling paper from which almost all subsequent models of phenotypic plasticity stem. It uses a quantitative genetic model to describe how selection can affect phenotypic plasticity and shape reaction norm evolution. The model describes under what conditions the optimal mean phenotype will be obtained in alternative environments and how quickly such optima are reached.
Migration and hard and soft selection are both considered.
Plasticity, Local Adaptation, and Gene Flow
The works in this section explore the interaction among phenotypic plasticity, local adaptation, and gene flow. Understanding how these interactions play out is important because it can determine if a lineage will persist in a given environment. An excellent summary of these interactions is found in Crispo 2008 and makes this work the first one that should be read in this section. Sultan 1995 sets the stage for later work comparing the benefits of plasticity versus local adaptation. In particular, Sultan and Spencer 2002 demonstrated that when some gene flow occurs, plasticity should be favored over local adaptation. Alpert and Simms 2002 then discuss more generally under what conditions plasticity should be favored over fixity. Gotthard and Nylin 1995 is an interesting work because it gets into the semantics of what defines adaptive plasticity versus plasticity as an adaptation. This is an important point because plasticity can sometimes be locally adaptive (Lind, et al. 2010) , but tracing its origins as an adaptation can be more difficult. Lind, et al. 2010 provides an empirical demonstration of how gene flow, local adaptation, and phenotypic plasticity interact in a natural system of Rana temporaria. Scheiner 2013 integrates the effects of gene flow, life history patterns, and spatial and temporal heterogeneity into a comprehensive model of phenotypic plasticity evolution. This work discusses, in simple terms, when plasticity should be favored over fixity (local adaptation). It gives particular attention to the http://www.oxfordbibliographies.com/view/document/obo-9780199941728/obo-9780199941728-0093.xml?rskey=M5UifX&result=63&print scale, amplitude, and predictability of temporal and spatial environmental heterogeneity as well as the amount of available resources. As noted in the title, the focus is on plants.
Alpert
Crispo, E. 2008. Modifying effects of phenotypic plasticity on interactions among natural selection, adaptation, and gene flow.
Journal of Evolutionary Biology 21:1460-1469.
This review discusses how plasticity can impede and promote adaptive genetic divergence among populations. Figure 1 and Table 1 provide useful summaries of the potential interactions of phenotypic plasticity, adaptive genetic divergence, and gene flow while also noting the mechanism by which particular outcomes arise. This review focuses primarily on terminology and distinguishes cases where plasticity is adaptive (beneficial function maintained by selection) and cases where the plasticity is an adaptation (its origin is linked to this function). It highlights that, until then, distinguishing between the two empirically had been difficult and infrequently done. It discusses examples in animals regarding the adaptive and adaptation status of various traits. Provided an empirical test of how gene flow, phenotypic plasticity, and local adaptation interact. It highlights the importance of migration and environmental heterogeneity for the evolution of phenotypic plasticity, and it shows that plasticity itself can be locally adaptive. This work contains a comprehensive model that includes not just the effects of gene flow, but also interactions with life history patterns, and spatial and temporal heterogeneity.
Gotthard
Lind
Scheiner
Sultan, S. E. 1995. Phenotypic plasticity and plant adaptation. Acta Botanica Neerlandica 44:363-383.
A thorough review of how phenotypic plasticity is adaptive in plants that was written about a decade after the revitalization of plasticity studies. Established a foundation for future work exploring local adaptation and plasticity in plants. By expanding upon Moran 1992 (cited under Polyphenisms), this study was the first to demonstrate (using a model) that plasticity should be favored over local adaptation in populations where some migration occurs (e.g., metapopulations) and that, in such cases, the plastic response need not be perfect or without cost. This was the first study to look in-depth at the evolution of gene networks for the production of a plastic trait. It demonstrated that both evolutionary lability and conservation of the network underlying trait development may be important for the evolution of polyphenisms. This work highlights the importance of understanding developmental networks and their evolution in order to ultimately understand the evolution of plasticity.
Charnov, E. L., and J. Bull. 1977. When is sex environmentally determined. Nature 266:828-830.
This work formalized the conditions in which a major class of polyphenism, environmental sex determination (ESD), is selectively favored. Specifically, ESD is likely to occur where the environment is patchy, different patches favor females or males, and parents and offspring have little control over which patch type the offspring will enter. This work is important because these ideas should apply more generally to other forms of polyphenism.
Mayr, E. 1963. Animal species and evolution. Cambridge, MA: Belknap Press of Harvard Univ. Press.
In this important book, Mayr popularized the term "polyphenism" to cover cases where individuals within a population may exhibit a variety of phenotypes, but the differences are not the result of genetic differences. This term was slow to get traction, but is now commonly used to describe cases of phenotypic plasticity that produce discrete alternative phenotypes. Moran's highly influential framework showed that ecological, developmental, and genetic factors are all important for understanding the evolutionary maintenance of polyphenisms. In particular, she noted the importance of temporal (compared to spatial) variation, intermediate frequencies of alternative selective environments, and environmental predictability. A strength of this framework is its generalizability and agreement with models that preceded it. Nijhout gives a clear introduction to polyphenisms in this review. Importantly, he notes that polyphenisms can arise in two waysthrough developmental switches or through environmental discontinuity. He focuses on insects and emphasizes the role endocrine signaling plays in polyphenism development. This review surveys some of the most well-known insect polyphenisms, explores their underlying mechanisms, and discusses their adaptive significance. In addition, commonalities among these polyphenisms are discussed to highlight general features of the phenomenon.
Nijhout
Shapiro
Evolution of Plasticity
The evolutionary implications of phenotypic plasticity have been discussed for over one hundred years. However, since ~1980s a resurgence in research on phenotypic plasticity has resulted in new appreciation for the role it might play in evolution. This renewed interest has been partially fueled by the acknowledgement that environmentally induced phenotypes may have greater evolutionary potential than mutationally induced ones. Specifically, environmentally induced phenotypes could be powerful evolutionary forces because they occur in response to specific environmental conditions (and in a sense are "directed"), affect multiple individuals at once, and promote the storage and release of cryptic genetic variation under atypical conditions. A common theme of contemporary literature on the evolution of plasticity is that plasticity might precede and facilitate subsequent evolutionary change.
Experimental Evolution
As with all subfields within evolutionary biology, experimental evolution studies have provided some of the strongest support for plasticity's role in evolution and how it itself evolves. Results from experimental evolution studies provided an important step in the recognition of plasticity as a significant evolutionary factor and paved the way for some of the later theoretical and empirical work seen in other sections of this bibliography. A major strength of these kinds of studies is the use of inbred or genetically identical lines (or genotypes) exposed to different environments. Such an approach directly mirrors the classical definition of phenotypic plasticity (i.e., a single genotype giving rise to multiple phenotypes depending on environmental conditions). Although other works have used an experimental evolution approach, they are covered in other sections of this bibliography (e.g., see Waddington 1953 in Genetic http://www.oxfordbibliographies.com/view/document/obo-9780199941728/obo-9780199941728-0093.xml?rskey=M5UifX&result=63&print
Accommodation and Waddington 1953 and Waddington 1959 in Genetic Assimilation). To become familiar with experimental evolutionary studies of plasticity, Kassen 2002 and then Garland and Kelly 2006 should be read because they are reviews that highlight some of the major insights gained from these types of studies. Then, Hillesheim and Stearns 1991 should be read because it acts as a good guide for how experimental evolution studies can be performed, particularly in Drosophila. Similarly, Chippindale, et al. 1993 used Drosophila to demonstrate that trade-offs between survival and reproduction can arise via plastic responses as well as evolutionary processes. Prior to either of these studies, Perkins and Jinks 1971 established that the genotype-environment interaction can be artificially selected upon to a desired level and that selection for plasticity in different traits in response to different environmental conditions can occur relatively independently. Likewise, Scheiner and Lyman 1991 found that selection on phenotypic plasticity of a trait can occur relatively independently of selection on the mean of the trait. Spitze 1992 is included as a gateway into the use of Daphnia as a model organism for studying the evolution of plasticity and because it provides important insights for this system. Finally, Suzuki and Nijhout 2006 and Sikkink, et al. 2014 address questions related to genetic accommodation and assimilation (see Genetic Accommodation and Genetic Assimilation) in atypical (i.e., non-Drosophila and non-Daphnia) model organisms for studying plasticity. Chippindale and colleagues demonstrate, using experimental evolution, that dietary manipulation in Drosophila melanogaster can mimic evolutionary (e.g., dependent on alleles) and phenotypic (e.g., dependent on physiology/metabolism) trade-offs between survival and reproduction. Their results suggest that the evolutionary response and the plastic response might share a common physiological basis, but that some discrepancies do exist.
Garland, T., and S. A. Kelly. 2006. Phenotypic plasticity and experimental evolution. Journal of Experimental Biology
209:2344-2361.
Garland and Kelly provide a review of studies that used experimental evolution to investigate phenotypic plasticity. Somewhat uniquely, they devote a good amount of space to discussing an example from mice that were selected for wheel-running behavior. Their takehome message/advice was that any selection experiment in which the selective event is more than instantaneous should explore whether plasticity in the appropriate (adaptive) direction has increased as a component of the response to selection. This study is a classical example of how plasticity is studied in an experimental evolution context. Hillesheim and Stearns demonstrated that selection could act on traits in alternative environments, but also on plasticity itself. This work is probably most useful as a guide for how to perform a simple experimental evolution of plasticity study. Although it is somewhat broader than other works included in this section, this is an excellent resource for finding discussion and references of experimental evolution studies on phenotypic plasticity. This should be the first work read in this section because it helps set the stage for the others and references many other classic pieces of experimental evolution. http://www.oxfordbibliographies.com/view/document/obo-9780199941728/obo-9780199941728-0093.xml?rskey=M5UifX&result=63&print
Perkins, J. M., and J. L. Jinks. 1971. Specificity of the interaction of genotypes with contrasting environments. Heredity
26:463-474.
This work established that the genotype-environment interaction can be artificially selected upon to a desired level and that different genotypes harbor differences in sensitivity to environmental conditions. In addition, it demonstrated that selection for plasticity in different traits (e.g., height versus flowering time) in response to different environmental conditions (e.g., fertilizer versus seasonality) can occur relatively independently. Finally, this work also hints at the potentially significant role plasticity could play in agriculture. Scheiner and Lyman found that selection on phenotypic plasticity of a trait (thorax size responding to temperature) is possible and that it is partially independent of selection on the mean of the trait. In addition, they found that they were able to select for no plasticity, but in these lines genetic variation for plasticity still remained. Finally, the authors suggest that the plasticity of a trait is determined by loci that are separate from those determining the trait mean itself. This experimental evolution study of heat shock resistance in nematodes revealed that apparent genetic assimilation (see Genetic Accommodation and Genetic Assimilation) is possible without global changes in gene regulation (e.g., gene expression), but could instead be due to a shift in induction threshold. Thus, before one concludes that genetic assimilation has occurred, a broader environmental context should be explored. This study revealed several important features of the well-studied inducible defenses of Daphnia species. First, there is inter-genotype variation in the extent of induced defenses. Second, the extent of the induced defense (neck teeth) is not a good predictor of life history changes or fitness gains. Finally, plasticity has different life history consequences depending on genotype. Importantly, this work highlights the need to explore other traits beyond the most visually apparent in order to more fully understand the phenotypic consequences of environmental variability. Suzuki and Nijhout used experimental evolution in the tobacco hornworm (Manduca sexta) to demonstrate that selection on a previously cryptic reaction norm (revealed through novel mutation) can lead to the evolution of a polyphenism or loss of plasticity (genetic assimilation). In addition, they suggest that regulators of developmental hormone levels can mask genetic variation and that when they are disrupted they can act as evolutionary capacitors that facilitate the evolution of novelty.
Scheiner
Sikkink
Genetic Accommodation http://www.oxfordbibliographies.com/view/document/obo-9780199941728/obo-9780199941728-0093.xml?rskey=M5UifX&result=63&print
Genetic accommodation is an important step in the Plasticity-First Evolution process and is the adaptive refinement or extension of an environmentally (or mutationally) induced phenotype. This term was introduced and described at length in West-Eberhard 2003. Three subcategories of genetic accommodation have been described. Crispo 2007 gives a nice description of genetic accommodation and helps clarify the subtleties among these different subcategories. The first-genetic assimilation-involves the loss of plasticity and production of the induced phenotype constitutively (Waddington 1953) . Genetic compensation (Grether 2005) occurs when ancestral phenotypes are restored in the presence of phenotype-altering environmental stimuli. The Baldwin effect (Baldwin 1896) is the oldest of the three and has come to be understood as selection favoring increased plasticity (Crispo 2007) and environmentally induced phenotypes coming under greater genetic control. In Simpson 1953, the author coined the term "Baldwin effect" and concluded that it does not contradict the Modern Synthesis. However, he was skeptical of its importance in evolution. This skepticism has continued through the 21st century for all types of genetic accommodation and has spurred increased efforts in testing these ideas experimentally and in nature. Waddington 1953 and Suzuki and Nijhout 2006 both showed that genetic accommodation can occur in the laboratory. However, showing that a process can happen is different from showing that it has happened in any natural population. Therefore, Schlichting and Wund 2014 sought to assess the strength of the evidence for genetic accommodation and catalogued over a hundred studies that provide some level of evidence for genetic accommodation, many of which are from wild populations. Nevertheless, the significance of genetic accommodation still remains contentious. In this review, Crispo describes the similarities and differences between the Baldwin effect and genetic assimilation and places both in the broader context of genetic accommodation. This review is particularly useful in that it puts older writings in modern terms. Table 1 is especially useful for identifying predictions of the Baldwin effect and genetic assimilation. Grether describes another subcategory of genetic accommodation (in addition to the Baldwin effect and genetic assimilation) that he calls genetic compensation. This term is less frequently used, but is described as the opposite of genetic assimilation-ancestral phenotypes are restored in the presence of phenotype-altering environmental stimuli. This study was the first to show that genetic accommodation can result in polyphenism. In addition, it was the first to show a clear mechanism by which the evolved change happened. The study also found evidence of genetic assimilation.
Waddington, C. H. 1953. Genetic assimilation of an acquired character. Evolution 7:118-126.
Waddington provides the first empirical test of genetic accommodation (specifically, genetic assimilation). He demonstrated that selection can favor the loss of phenotypic plasticity and that a previously environmentally induced phenotype can evolve to be constitutively expressed even in the absence of the original inducing stimulus (see also Genetic Assimilation). This book is a must-have for anyone interested in evolution and phenotypic plasticity. It is replete with ideas and examples. This book is probably most cited for coining the term "genetic accommodation." However, genetic accommodation is only a part of the adaptive evolutionary process described by West-Eberhard.
West
Genetic Assimilation
Genetic assimilation is the adaptive loss of plasticity that leads to constitutive expression of a previously environmentally induced phenotype. The idea that environmentally induced phenotypes can become heritable is often attributed to Lamarck 1809. However, Lamarck's conception of how this process happens was incorrect. Waddington 1942 and Schmalhausen 1949 (both referenced in Historical Works) independently developed hypotheses on how such environmentally induced traits could come under genetic control. This process was first demonstrated by Waddington 1953 in Drosophila wing venation. This work was criticized because it did not show that genetic assimilation could be adaptive. Therefore, in Waddington 1959, the author performed an experiment similar to that in his 1953 work, but focused on an adaptive trait-anal papillae that are responsible for osmotic stress tolerance. Despite the work of Waddington and others, genetic assimilation remained largely a footnote or interesting anomaly in evolutionary biology. The review Matsuda 1982 suggested that genetic assimilation may be important in the wild and provides a schematic for how it might proceed in animals. Still, misunderstandings and skepticism over the significance of genetic assimilation persisted into the 21st century and led to the review Pigliucci, et al. 2006 , which seeks to clarify misconceptions and address critiques of the role played by phenotypic plasticity generally, and genetic assimilation specifically, in evolution. Emerging empirical work helped spur the need for such a review because genetic assimilation was being brought into mainstream evolutionary biology again. Although this is not the first time Waddington wrote on these topics (see Waddington 1942 in Historical Works and Waddington 1953 in this section and the Genetic Accommodation section), this is the first study to show genetic assimilation of an adaptive trait-anal papillae responsible for osmotic stress tolerance.
Canalization
Canalization is essentially the opposite of plasticity; a canalized trait is produced regardless of environmental conditions. However, for one trait to be canalized, one or more others must be plastically expressed. Various authors have tried to unravel the conditions that favor canalization (Wagner, et al. 1997 ) and the underlying mechanisms of canalization. In particular, Wilkins 1997 suggested that redundancy due to paralogous genes is key for canalization to arise. This view was challenged by Wagner 2000, which demonstrated (using genomics data in yeast) that interactions of unrelated genes rather than redundancy of paralogous genes are the key to canalization and robustness against developmental perturbations. Furthermore, Siegal and Bergman 2002 used a model to show that canalization might be an inevitable consequence of complex gene regulation networks. That is, the more complex a gene network (i.e., the more interactions it has), the more canalized it will be. However, the more recent work Rünneburger and Le Rouzic 2016 suggests that mutational parameters have greater influence than network size and complexity and that (reminiscent of the view of Wilkins 1997) redundancy in gene regulation is important for the evolution of genetic canalization. Importantly, Hornstein and Shomron 2006 integrates microRNAs (miRNAs) into the canalization framework and adds to our understanding of the complexity that promotes canalization. By focusing on ultimate, rather than proximate, causes of canalization, Masel, et al. 2007 shows how non-selective processes can lead to the loss of plasticity. Finally, another important aspect of canalization not yet mentioned is that it can promote the accumulation of cryptic genetic variation that can be exposed when environmental conditions change. The authors of Rutherford and Lindquist 1998 first showed this to be the case when they found that heat-shock protein 90 (Hsp90) acts as a buffer against phenotypic perturbation and that this buffering not only is a mechanism of canalization but also allows accumulation of cryptic genetic variation.
Hornstein, E., and N. Shomron. 2006. Canalization of development by microRNAs. Nature Genetics 38:S20-S24.
This article provides a framework that integrates microRNAs (miRNAs) into current thinking on canalization of development. The importance of miRNAs acting within gene networks is explored and emphasized. Using a mathematical model, the authors show how the loss of plasticity (i.e., canalization) can occur through non-selective processes, such as mutational degradation and random genetic drift.
Macroevolutionary Consequences of Plasticity
The macroevolutionary consequences of plasticity are potentially the most significant but are also the most controversial. By simply allowing species to persist in a new or altered environment, phenotypic plasticity promotes subsequent evolution and diversification. It can also influence what phenotypes are produced during adaptive radiations. Additionally, when a species enters a new environment, the developmental reorganization that happens via phenotypic plasticity may give rise to novel phenotypes.
Speciation and Diversification
The role of plasticity in diversification is among the most controversial (perhaps second only to novelty) among evolutionary biologists. West-Eberhard 1989 and West-Eberhard 2005 provide extensive evidence and discussion of how plasticity can influence diversification. Her works in this section offer abridged versions of the cases she makes in West-Eberhard 2003 (see Books and Genetic Accommodation). Most later works offer pithier and/or clearer explanations of her general ideas. For instance, Pfennig, et al. 2010 hits on many of the same topics as the works by West-Eberhard, but is much easier to digest and should be read first in this section. To lend support to the arguments of West-Eberhard and Pfennig and colleagues, the simulation study Thibert-Plante and Hendry 2011 confirmed that plasticity needs to be considered when investigating ecological speciation and reproductive isolation. Furthermore, Susoy, et al. 2015 found that the appearance of a resource use polyphenism coincided with increased evolutionary rates in nematodes. Finally, Wund, et al. 2008 provided the first explicit test of the "flexible stem" model proposed by West-Eberhard and found evidence that plasticity might precede and bias subsequent divergence of species. Along these lines, the review Schneider and Meyer 2017 discusses the molecular mechanisms that might underlie such plasticity-mediated adaptive radiations. As noted at the beginning of this entry, plasticity's role in diversification has remained controversial. The chapter Futuyma 2015 provides an antithetical view to the http://www.oxfordbibliographies.com/view/document/obo-9780199941728/obo-9780199941728-0093.xml?rskey=M5UifX&result=63&print others in this section. While it does not deny that plasticity could be important for evolutionary diversification, it does suggest that our understanding is not revolutionary and that an extended evolutionary synthesis is unwarranted. Pigliucci and Murren 2003 is somewhat light on macroevolutionary discussion, but provides a useful concept map that links various biological ideas and processes to phenotypic plasticity and genetic assimilation. Furthermore, it also helped provide a framework for later discussions of plasticity's role in evolution and diversification. This book chapter discusses a number of contemporary developments that led some researchers to call for an extended evolutionary synthesis and describes how these developments already fit within the framework of the Modern Synthesis. This work is important in that it provides a contrary viewpoint to other discussions of plasticity's role in diversification and speciation. This pithy review should be the first stop for anyone interested in plasticity's role in diversification. It accessibly provides an overview of plasticity's impacts on novelty, divergence among populations and species, formation of new species, and adaptive radiation.
Pigliucci, M., and C. J. Murren. 2003. Genetic assimilation and a possible evolutionary paradox: Can macroevolution sometimes be so fast as to pass us by? Evolution 57:1455-1464.
Perhaps the most useful aspect of this "early" review of genetic assimilation is the concept map presented in Figure 2 . This map can help anyone studying phenotypic plasticity to develop connections among topics and design experiments. The review also traces the history of genetic assimilation. Unfortunately, its explicit treatment of macroevolution could be a bit more thorough. Nevertheless, it provides a framework that, at the time, was relatively novel and insightful. This study utilized a comparative analysis of morphology in a group of ninety nematode species. They found that the appearance of a resource acquisition polyphenism coincided with increased complexity and evolutionary rates and that these rates were even higher following genetic assimilation (i.e., loss of plasticity) of a single phenotype. Thibert-Plante and Hendry use a simulation study to evaluate plasticity's effects on ecological speciation. A number of relevant outcomes were observed (such as the timing of plasticity relative to dispersal) that suggest plasticity can have an important influence during ecological speciation and should be considered when investigating the evolution of reproductive isolation.
West-Eberhard, M. J. 1989. Phenotypic plasticity and the origins of diversity. Annual Review of Ecology and Systematics
20:249-278.
This review established the theme of subsequent works by West-Eberhard. It is particularly useful for those interested in how phenotypic and genetic accommodation (see Books, Genetic Accommodation, and Novelty) can contribute to diversity. It covers a wide variety of topics that fall under the umbrella of "diversity" and may be preferred over West-Eberhard 2003, a nearly 800-page book that covers similar topics. 
West-Eberhard
In this work, which is an extension of West-Eberhard 1989 and an abridged version of key points from West-Eberhard 2003 (cited under
Books), West-Eberhard argues that species differences and novel phenotypes arise through reorganization of ancestral phenotypes followed by genetic accommodation. This work hammers in the point that environmentally induced variants might have greater evolutionary potential than mutationally derived novelties, and that genes may often be followers, rather than leaders, in evolution. This empirical study was the first explicit test of the "flexible stem" model presented by West-Eberhard. Wund and colleagues showed that when individuals from an "ancestral" population were exposed to "derived" conditions, they developed phenotypes in the direction of those possessed by "derived" individuals. Thus, ancestral plasticity may have facilitated the subsequent phenotypic divergence among stickleback ecomorphs.
Novelty
Generating novelty is one of the most important (and controversial) consequences of phenotypic plasticity. Even defining novelty is difficult; a number of reviews have been written on this topic alone. Therefore, the first works that should be read in this section are This review is one of many that could have been chosen that highlights the difficulty with defining "novelty." Pigliucci discusses some of the attempts others have made at doing so, describes why the Modern Synthesis is ill-equipped for studying the origin of novelties, and presents three frameworks (complexity theory, genetic accommodation, and epigenetic inheritance) that potentially allow greater insight on the origin and evolution of novelties than the Modern Synthesis. This intriguing study suggests a role for plasticity in a major evolutionary transition. Standen and colleagues suggest that plasticity in type of locomotion (i.e., terrestrial or aquatic) may have contributed to the colonization of land by early tetrapods. While the scope of this study is significant, an important caveat is that it is unknown whether the plasticity they explored is heritable. An important aspect of this book review is that it incorporates niche construction with plasticity to give an explanation of how evolutionary novelties arise. Of particular interest, Sterelny discusses how niche construction can effectively limit the extent of environments experienced by a plastic organism and the importance of this limitation on the supply of variation presented to selection.
Standen
Sterelny
West-Eberhard, M. J. 2005. Phenotypic accommodation: Adaptive innovation due to developmental plasticity. Journal of Experimental Zoology B 304B:610-618.
While many of West-Eberhard's works in this bibliography entry have similar themes, the focus of this review is on developmental reorganization in response to some stimulus (environmental or mutational). This reorganization, termed phenotypic accommodation, is a particularly useful framework for thinking about how novelties arise. Here, this framework is explored as an abridged version compared to that in West-Eberhard 2003 (cited under Books).
Ecological and Community-Level Effects
While the evolutionary significance of phenotypic plasticity may be a bit contentious, its ecological importance is well-documented.
Indeed, at its core, plasticity is a phenomenon dependent on ecological conditions. Most of the literature on ecological and community implications of plasticity focus on plants-likely because they are easier to make into experimental communities than animals. Miner, et al. 2005 should be the first piece read in this section because it takes a relatively broad look at how plasticity can influence ecological processes. Three other reviews focus on a trait-based approach to exploring how plasticity affects species interactions (Callaway, et al. 2003; Werner and Peacor 2003; Berg and Ellers 2010) . A major takeaway from these reviews is that essentially all ecological interactions and processes can be significantly affected by phenotypic plasticity. Valladares, et al. 2007 discusses how trait-mediated interactions can have costs (or limits) that restrict further community interactions and which internal and ecological factors might limit the extent of phenotypic plasticity in plants. Agrawal 2001 and Turcotte and Levine 2016 look at species interactions and coexistence more broadly than the aforementioned works, but the general conclusion remains: plasticity can play an important role in shaping the outcome of species interactions. Finally, Hendry 2016 provides a summary of our knowledge of plasticity's role in ecology and evolution.
Importantly, this work highlights a number of areas where our understanding is currently insufficient and it is useful for determining future research directions for graduate students and professionals. Berg and Ellers provide two predictions: 1) plasticity in resource requirement induced by availability of resources enlarges the fundamental niche of species and causes reduction of vacant niches for other species, and 2) plasticity in the proportional resource uptake results in expansion of the realized niche, causing a reduction in the possibility for coexistence with other species. They also give a review of other facets related to plasticity's impacts on evolution and community ecology. This review describes eight questions that are central to phenotypic plasticity's role in ecology and evolution and discusses the empirical support-largely from natural populations-for each. Almost invariably, the answer to each question is, "it depends." Nevertheless, this is a great resource that highlights gaps in knowledge and where further data needs to be collected. This should be the first-read of the papers in this section. As the title suggests, this review article focuses on plasticity's ability to influence ecological interactions and processes and is accessible to advanced undergraduates and above. A strength is that it also explores nutrient cycles in addition to "typical" ecological interactions. Turcotte and Levine emphasize the importance of measuring fitness and niche differences when two species compete and note that plasticity that reduces interspecific competition should generally promote coexistence. http://www.oxfordbibliographies.com/view/document/obo-9780199941728/obo-9780199941728-0093.xml?rskey=M5UifX&result=63&print
Miner
Valladares, F., E. Gianoli, and J. M. Gómez. 2007. Ecological limits to plant phenotypic plasticity. New Phytologist 176:749-763. This paper explores the internal and ecological factors that can limit the extent of plant phenotypic plasticity in the wild. Particular attention is paid to the effects of herbivory and how trait-mediated interactions can entail costs that limit further interactions in the community. Werner and Peacor provide a review of trait-mediated indirect interactions (TMIIs) that emphasizes the role of plasticity (via phenotypic modifications) in community dynamics. They find that the effects of TMIIs are often as strong as or stronger than the effects of density on ecological communities. A variety of simple ecological interactions are explored.
Werner
Transgenerational Plasticity
An oft-cited critique against plasticity playing a role in evolution is the widespread assertion that environmentally induced phenotypic changes cannot be inherited. However, certain forms of environmentally induced phenotypic change (plasticity) can be transmitted from one generation to another. Indeed, transgenerational plasticity occurs when the environment experienced by a parent influences the phenotype expressed by its offspring. Often, transgenerational plasticity is discussed within the context of maternal effects. Therefore, a number of works in this section deal with maternal effects explicitly. Mousseau and Fox 1998 thoroughly covers the topic and should be the first work read in this section. Galloway and Etterson determined that the herb Campanulastrum americanum-whose life history strategy is influenced by its http://www.oxfordbibliographies.com/view/document/obo-9780199941728/obo-9780199941728-0093.xml?rskey=M5UifX&result=63&print
Behavioral Plasticity
Behavior is sometimes considered independently of other forms of plasticity because it is "hyperplastic" and can change moment to moment in some cases. As an introduction to studying behavior and some of the terminology, Sih, et al. 2004 is a must-read. Similarly Dingemanse, et al. 2010 should be read early because it places behavioral plasticity into a reaction norm framework and seeks to unify those studying behavioral plasticity and animal personality. Then, focusing more explicitly on behavioral plasticity, Snell-Rood 2013 provides an excellent overview of how it can affect and be affected by evolution. Of course, understanding the mechanisms that lead to certain behaviors is important for understanding their evolution. Therefore, Duckworth 2009 explores the mechanistic bases of behaviors and how they can impede or promote evolutionary change. Renn and Schumer 2013 also focuses on the evolution of mechanisms underlying behaviors, but pays particular attention to patterns of gene expression undergoing Genetic Accommodation.
Relatedly, a concept that has long been relevant for evolutionary biologists is the possibility that behavioral change may precede and facilitate morphological evolution. Wyles, et al. 1983 and Wcislo 1989 Dingemanse and colleagues place commonly studied aspects of animal behavior (i.e., personality and plasticity) into a reaction norm framework, thereby making their study more analogous to studies of phenotypic plasticity on other components of an organism's phenotype. Importantly, this approach allows personality and plasticity to be studied within the same framework, rather than as separate entities. The authors caution that it is inappropriate to ask, "Does behavior drive or inhibit evolutionary change in other traits?" By focusing on thermoregulatory behavior and thermal physiology of lizards, the authors suggest that behavior can buffer evolution for one trait while simultaneously driving the evolution of others. This important work by Renn and Schumer links the processes of genetic accommodation and assimilation to patterns of gene expression. This review not only provides examples of how patterns of gene expression can be united with behavioral plasticity, but also outlines ideal characteristics of a study system and describes some of the tools available to implement this approach. Thus, it almost serves as a "how-to" guide to studying behavioral plasticity in a genetic accommodation context. http://www.oxfordbibliographies.com/view/document/obo-9780199941728/obo-9780199941728-0093.xml?rskey=M5UifX&result=63&print Behavioral syndromes occur when the rank-order of a particular behavior among individuals is maintained across environments, and they can limit behavioral plasticity, explain non-optimal behavior, and help to maintain individual variation in behavior. These behavior effects can have dramatic ecological and evolutionary consequences. This review is somewhat broader than others in this section, but certainly relevant and important for anyone interested in behavioral plasticity. This overview, which is part of the same special issue on behavioral plasticity and evolution as Renn and Schumer 2013. It should be the first-read piece for those new to the field because it discusses major types of behavioral plasticity, their consequences in novel environments, and promising avenues of future research. These topics are potentially relevant to all studies of behavior and its evolution.
Duckworth
Snell
Wcislo, W. T. 1989. Behavioral environments and evolutionary change. Annual Review of Ecology and Systematics 20:137-169.
This seminal review by Wcislo is a must-read that emphasizes how behavioral changes (in the form of plasticity) may often precede morphological change. A historical overview, behavior's role in evolution, explorations at multiple levels of biological organization, and a short suggestion on hypothesis testing are discussed. This work introduces "behavioral drive," which posits that anatomic evolution relies on behavioral acquirement of a new skill that leads to novel environmental exploitation and subsequent social transmission of the skill throughout the population. This new skill then alters selection pressures such that it can become adaptive via traditional natural selection. This process is essentially the Baldwin effect (see Genetic Accommodation), but more emphatically suggests that the behavior arises before any meaningful environmental change.
Learning as Plasticity
Through learning, an organism can adjust its behavior to better suit future conditions. Such behavioral adjustments certainly count as phenotypic plasticity. Spalding 1873 provides one of the earliest discussions of behaviors being learned (plastic) versus instinctual (canalized). Osborn 1896 highlights the possibility that most adaptations may arise as a result of new behaviors or environments. This entire tradition of learning as plasticity is largely derived from Baldwin and the Baldwin effect (see Genetic Accommodation). Fastforwarding nearly one hundred years, Hinton and Nowlan 1987 showed that learning organisms are capable of evolving much faster than non-learning equivalents even if the traits are not transmitted to the genome. However, there is a trade-off between costs and benefits of learning (Mayley 1996) that can constrain or limit its utility. A decade later, Paenke, et al. 2007 provided a framework for studying how plasticity and learning affect evolution under directional selection, and found that the rate of evolution depends on the sign http://www.oxfordbibliographies.com/view/document/obo-9780199941728/obo-9780199941728-0093.xml?rskey=M5UifX&result=63&print of the fitness gain gradient relative to that of selection. Computational biology has given a lot of attention to learning and the Baldwin effect. This body of literature may often go unnoticed by evolutionary biologists. Some introductory references are included here. French and Messinger 1994 provides evidence that learning-based plasticity can and does produce directed changes at the genotypic level and that over generations populations may transition from genetically based inheritance to learning based. Relatedly, Turney, et al. 1996 gives an overview of a hundred years of studying the Baldwin effect and refers to various other sources in the computational literature that may useful for studying learning within the context of plasticity. This is definitely a key source for the computationally minded. Although from a potentially obscure source, this work demonstrates that learning-based plasticity at the phenotypic level can and does produce directed changes at the genotypic level. In addition, the degree of plasticity is crucial for the size of the Baldwin effect. Finally, over generations, learning should become easier for the population as a whole and the population may transition from being genetically driven to learning driven. This groundbreaking paper demonstrated that learning provides a good evolutionary path toward sets of coadapted alleles and that this effect allows learning organisms to evolve much faster than non-learning equivalents-even though traits acquired by the phenotype are not communicated to the genotype. Paenke and colleagues provide a framework that utilizes a fitness gain gradient for studying the effects of plasticity on the rate of evolution under directional selection. They find that if the gain gradient has the same sign as the direction of selection, then increased plasticity will magnify the selective response. However, if the sign is opposite, the response to selection will be slower. http://www.oxfordbibliographies.com/view/document/obo-9780199941728/obo-9780199941728-0093.xml?rskey=M5UifX&result=63&print Spalding, D. A. 1873. Instinct, with original observations on young animals. MacMillan's Magazine 27: 282-293. This is one of the earliest works that discusses some aspects of animal of behavior as learned and others as instinctual. It illustrates that just as some morphological features can become canalized (see Genetic Assimilation and Canalization), apparently some behaviors can be canalized as well. However, other behaviors may be more analogous to plastic responses and need to be learned. This article is an introduction to a special issue of Evolutionary Computation. In addition to providing a historical perspective on the Baldwin effect, this article references other sources in that issue that could be useful. Furthermore, it highlights work using computational approaches to study learning, the Baldwin effect, and genetic assimilation that should appeal to biologists.
French
Hinton
Bet-Hedging
Bet-hedging is sometimes viewed as an alternative strategy to phenotypic plasticity. Like plasticity, bet-hedging involves the production of multiple phenotypes from a single genotype. Unlike plasticity, however, the alternative phenotypes are produced stochastically rather than in direct response to an environmental cue. Despite this important distinction in how phenotypes are produced, the two concepts have similar evolutionary implications, and researchers interested in the consequences of plasticity would benefit from consulting the Starrfelt and Kokko use a general model to demonstrate that conservative and diversified bet-hedging strategies are not necessarily a dichotomy, but instead function as extremes along a continuum. Similarly, they conclude that within-and between-generation bethedging are not mutually exclusive.
Applied Aspects of Plasticity
There are at least three major areas where an understanding of plasticity could have a significant applied impact: conservation biology, human health, and agriculture. The majority of works in this section are related to the first, but the second is also represented. Agriculture is not explicitly discussed. However, since agriculture might primarily focus on reducing environmentally induced differences among individuals, the sections on Genetic Assimilation and Canalization should be referenced for this topic. In addition, those interested in agriculture should read Perkins and Jinks 1971 (cited under Experimental Evolution). Returning to conservation biology, Hofmann and Todgham 2010; Reed, et al. 2010; and Merilä and Hendry 2014 all address the issue of climate change and how plastic responses can potentially mitigate the negative outcomes species are predicted to experience and/or highlight current gaps in knowledge. Charmantier, et al. 2008 demonstrates empirically that behavioral plasticity can indeed allow a species to rapidly adapt to a changing environment. Richards, et al. 2006 and Davidson, et al. 2011 look at a different aspect of conservation biology: invasive species. Both works focus on invasive plants, and they come to the same general conclusion: invaders have greater plasticity than natives. However, the greater plasticity of invasive species is not always associated with a fitness advantage. By considering the effects of plasticity, land managers may be better able to conserve and restore native flora and fauna faced with climate change or invasive species. Another major application where knowledge of plasticity can play an important role is human health. Bateson, et al. 2004 argues for the importance of considering developmental conditions when studying disease. The authors explore a few examples that highlight how early development can have major implications for adult health. Gluckman and Hanson 2004 further develops the case for gene-by-environment interactions in disease and should definitely be consulted by the medically minded. Together, these works emphasize that plasticity is not only an interesting phenomenon for evolutionary biologists and ecologists, but has important "real-world" implications as well. Using a population study of great tits (Parus major) in the United Kingdom over forty-seven years, Charmantier and colleagues demonstrated that behavioral plasticity in timing of breeding has allowed the population to rapidly adjust to a changing environment. Interestingly, there was little to no variation among individuals in their response to environmental variation. The short answers to the titular questions are yes, and (sometimes) yes. After performing a meta-analysis on seventy-five invasive/noninvasive species pairs, Davidson and colleagues conclude that invasive species were nearly always more plastic, but only sometimes associated with a fitness benefit. In contrast, noninvasive species were better at maintaining growth when facing low and average resource availability. As with many of the other papers in this section, this review primarily deals with climate change-especially temperature and ocean acidification. However, it utilizes a comparative physiology framework to explore the ways in which organisms can cope with some of the changes they will likely face. It is most useful for understanding some of the underlying mechanisms that lead to "higher-order" phenotypic outcomes and where some limits to adaptation may lie. This paper serves as an introduction to a special issue of this journal and highlights the need for better understanding of how plasticity can contribute to the ability of organisms to adapt to climate change. It does so by performing a methodological assessment of how studies on climate change adaptation have been performed. Readers are encouraged to view the other works in this special issue as well. This synthesis discusses ecological and evolutionary theory in the context of organisms adapting to climate change. In doing so, it highlights the importance of ecological and evolutionary interactions potentially producing an adaptive response. A major conclusion is that genetic adaptation and phenotypic plasticity need to be considered in models of population persistence. It also-perhaps inadvertently-provides a framework for leveraging climate change to study phenotypic plasticity. By pulling from earlier work, Richards and colleagues provide a framework for understanding how an invader might succeed in a new habitat. Table 1 provides qualitative evidence for the different scenarios their framework describes, and they provide recommendations for testing the role of plasticity in invasions. Gaining a fitness increase in favorable conditions through phenotypic plasticity (with or without preventing a decline in fitness in unfavorable conditions) seems to be the most common mode by which invasives outperform noninvasives.
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